Abstract Host choice by mosquitoes affects the transmission dynamics of vector-borne infectious diseases. Although asymmetries in mosquito attraction to vertebrate species have been reported, the relative importance of host characteristics in mosquito blood-feeding behavior is still poorly studied. Here, we investigate the relationship between avian phenotypic traits-in particular, morphometry, plumage coloration, and nesting and roosting behavior-and the blood-feeding patterns in two common Culex mosquito species on a North American avian community. Forage ratios of the mosquito species were unrelated to the phylogenetic relationships among bird species. Culex pipiens fed preferably on birds with lighter-colored plumage and longer tarsi; furthermore, solitary roosting avian species were both bitten by Cx. pipiens and Cx. restuans more often than expected. These associations may be explained by greater mosquito attraction towards larger birds with a greater color contrast against the background. Although communally roosting birds may release more cues and attract more mosquitoes, individuals may in fact receive fewer bites due to the encounter-dilution effect. Mosquito feeding behavior is a highly complex phenomenon, and our results may improve understanding of the non-random interaction between birds and mosquitoes in natural communities.
Introduction
Mosquitoes (Diptera: Culicidae) are the primary vectors for the transmission of many arthropod-borne pathogens that cause infectious diseases such as malaria and West Nile fever (Marquardt 2004) . These pathogens are transmitted between an infected vertebrate host and a new host by mosquito bites but are unable to successfully replicate in all mosquito and vertebrate species. West Nile virus (WNV), for instance, is maintained in an enzootic cycle between ornithophilic mosquitoes, mainly Culex species, and birds, which act as amplification hosts. Some WNV-competent bird species may harbor high viral loads, which leads to greater transmission of this pathogen between mosquitoes and birds. However, when amplification reaches a peak, incidental transmission to humans and livestock may occur, possibly facilitated by opportunistic mosquito species capable of shifting their feeding patterns, such as some Culex species (e.g., Muñoz et al. 2012 , Tempelis et al. 1965 Thiemann et al. 2011) . Therefore, the host community ecology and feeding behavior of mosquitoes and the epidemiology of vector-borne pathogens are closely linked, which makes the improved understanding of mosquito feeding patterns in natural communities a crucial issue that needs to be addressed.
Many mosquitoes show clear preferences for feeding on mammals or birds, while others exhibit a more opportunistic behavior (Farajollahi et al. 2011; Takken and Verhulst 2013) . For instance, in Japan and Spain the common house mosquito Culex pipiens has been found to feed on both avian and mammalian hosts, frequently on humans, and the Asian tiger mosquito Aedes albopictus almost exclusively on mammals (Sawabe et al. 2010; Muñoz et al. 2011) . In addition, mosquitoes may show clear preferences for certain host species (Kilpatrick et al. 2006a ). For example, in a recent study in Italy, Cx. pipiens fed on Common Blackbirds (Turdus merula) five times more often than expected, while European Starlings (Sturnus vulgaris) were bitten ten times less than expected, based on the relative abundance of these two species (Rizzoli et al. 2015) .
These differences in feeding patterns across potential host species clearly affect host-vector contact rates and may have dramatic consequences for the amplification of pathogens and the risk of transmission to other vertebrate species, including humans (Kilpatrick et al. 2006a; Muñoz et al. 2012) . Therefore, identifying host species more bitten by mosquitoes could help focus and optimize surveillance programs aimed at detecting zoonotic pathogens, such as WNV and other viruses (Hassan et al. 2003; Figuerola et al. 2008) . Despite the need for a better understanding of host utilization by vectors, evidence of the proximate causes of mosquito feeding patterns on different host species is still very limited.
Like other blood-sucking insects, mosquitoes use a combination of visual, thermal, and chemical cues emitted by vertebrate hosts to locate blood meals (Lehane 2005; Hawkes and Gibson 2016) . However, the relative importance of each of these stimuli varies among mosquito species, habitats (e.g., mosquito flights path in relation to habitats, see Bidlingmayer 1971), and the spatial scale (i.e., the distance between the vertebrate host and the insect vector) (van Breugel et al. 2015; Cardé 2015) . Culex mosquitoes, for example, are predominately nocturnal/crepuscular species, and their host-seeking activities usually peak at night or dusk/dawn, but they can also be active during daytime (Becker et al. 2010) ; they are primarily ornithophilic species, but can also shift their main blood source to mammals or humans (Kilpatrick et al. 2006b ) depending on seasons and host availability. Darker colors such as black, red, and blue are considered to be more attractive to host-seeking mosquitoes than light colors such as yellow and white (Allan et al. 1987) . Likewise, larger hosts may attract more mosquitoes due to their increased release of heat, CO 2 , and other olfactory cues (Kleiber 1947; Martínez-de la Puente et al. 2010) . Nonetheless, host size can also affect mosquito feeding success due to the amount of bare skin exposed and/or the intensity of host anti-mosquito behavior, given that smaller individuals may be more actively able to defend themselves than larger ones (Edman and Scott 1987; Mooring et al. 2000) .
To date, evidences for interspecific trait differences in exposure to vector-borne diseases have been mainly derived from analyses of the prevalence of pathogens or antibodies in their vertebrate hosts (Hamilton and Zuk 1982; Figuerola et al. 2008) . However, these analyses of exposure were confounded by interspecific differences in susceptibility to infections and in mortality caused by pathogens. For example, the low prevalence of Plasmodium in some avian species may be explained by both low exposures to the pathogen vectors (as suggested by Piersma 1997) and/or the immune capacity of the hosts to fight off infections (Martínez-Abraín et al. 2004) . Analyzing bloodmeal origins in female mosquitoes in relation to host abundance provides a less biased estimator of vector feeding patterns on different host species (e.g., Hamer et al. 2009 , Kilpatrick et al. 2006a . It also provides an opportunity to incorporate a host trait-based approach into the study of vector preferences affecting pathogen amplification.
The aim of our study was to determine whether host morphological and behavioral traits are able to explain heterogeneities in mosquito feeding patterns. Forage ratios (FR) represent the relative frequency of bloodmeals taken from a bird species in relation to its relative abundance in the study area. We compared the FR of two mosquito species, Cx. pipiens and Cx. restuans, for different North American bird species as calculated by Hamer et al. (2009) using bloodmeal origins in mosquitoes and bird counts in suburban Chicago, Illinois, USA.
Methods

Data collection
We searched all databases on the ISI Web of Science (http:// www.webofknowledge.com) from 1916 to April 2016 for field studies of blood-feeding patterns of mosquitoes in avian communities for the keywords Bmosquito blood^, Bhost feeding^and Bhost foraging^. Only those studies with extensive field surveys of avian abundance and hostindependent methods (i.e., non-animal baits) for mosquito collection were retained. In total, 13 references were selected as candidate studies, but only three provided data for a FR/ feeding index. To analyze the effects of host phenotypic traits on mosquito feeding preference, we used data from Hamer et al. (2009) . The other two studies were discarded due to their small sample sizes and methodological differences with the study by Hamer et al. (2009) . Specifically, Estep et al. (2011) analyzed 528 bloodmeals from nine different mosquito species, but only 25 bloodmeals derived from eight avian species were from Cx. restuans. This mosquito was the only shared species studied by both Hamer et al. (2009) and Estep et al. (2011) , and so the data in these two studies could not be analyzed jointly. Mendenhall et al. (2012) analyzed the origin of bloodmeals in 222 Culex erraticus in Colombia but introduced variations into the FR calculations, which complicates direct comparison of estimates with Hamer et al. (2009) . Hamer et al. (2009) analyzed the origin of bloodmeals from 611 Cx. pipiens and 213 Cx. restuans. They collected mosquitoes from mid-May to mid-October in 2005-2007 using three types of traps (i.e., light and gravid traps, and aspirators) in suburban southwest Chicago, Illinois (USA). The sampling areas included residential sites, semi-natural sites (cemeteries and a wildlife refuge), and natural sites (landscape mosaic of deforested areas, prairies, savannas, and oak-maple woodland). Bird surveys were performed twice a year from June to mid-July in each mosquito sampling site in both the natural and residential areas.
For each bird and mosquito species, these authors reported a FR calculated as the ratio between the fraction of mosquitoes that had fed on a given bird species and the fraction of the censused individuals belonging to that bird species in the study area. A FR above 1 indicates that the species is bitten more often than expected given its abundance, while FR values below 1 indicate that the species is bitten less often than expected by chance. The mean body mass, tarsus length, bill length, plumage coloration, roosting behavior, and nest type of each bird species were obtained from the literature (Lislevand et al. 2007; Jaramillo and Burke 1999; Clements 2007; del Hoyo et al. 2011; Vuilleumier 2011; Rodewald 2015 ) (see also Table S1 ). Attractiveness of bird coloration (plumage and bare parts) was scored according to Yezerinac and Weatherhead (1995) . We quantified the total percentage of highly attractive (black, blue, and red; hereafter phac), moderately attractive (light red, light blue, brown, green, orange, pink, and gray; hereafter pmac), and slightly attractive colors (light brown, light green, yellow and white; hereafter psac) by summing the percentages estimated from seven plumage areas defined by Yezerinac and Weatherhead (1995) : bill (3%), crown and nape (11%), chin and eye (9%), breast (23%), back, tail, and wings (41%), belly (10%), and legs (3%). The mean values of adult male and female color and morphometry were calculated to minimize the potential effect of sexual trait dimorphism. In addition, we recorded the type of nest used by each bird species and classified each in one of the following categories: cavity or holenest, closed nest, and open cup/nest. We also recorded the roosting behavior of these bird species during the non-breeding period in their non-wintering habitats and classified it as either solitary or communal. Although Hamer et al. (2009) conducted bird surveys at the peak of the breeding season (June-July), mosquito sampling was extended well after the breeding season had ended (until mid-October) when the individuals of some avian species aggregate in communal roosts at night as the season progresses (Diuk-Wasser et al. 2010 ).
Statistical analyses
We used phylogenetic generalized least square (PGLS) models to analyze the relationships between mosquito FR as the dependent variables and host phenotypic traits. Given that phylogenetically closely related bird species share certain phenotypic traits that were not considered in this study (e.g., chemical compounds associated with odor and certain behavioral traits), mosquitoes could potentially prefer to bite certain host groups. PGLS models use the phylogenetic distance between species as a covariance matrix in a linear model to statistically control for the phylogenetic relationships. We obtained a consensus tree (see Fig. S1 ) from 1000 trees generated on BirdTree (http://birdtree.org) by adopting a 50% majority-rule consensus tree (SumTrees 3.3.1 in DendroPy 3.12.2) using the code described by Rubolini et al. (2015) . We estimated the lambda value (λ) using the maximum likelihood method, where λ is related to the strength of the phylogenetic signal (Pagel 1999) and varies between 0 (no phylogenetic signal) and 1 (strong phylogenetic signal) (Kamilar and Cooper 2013). Analyses were conducted using R software v3.2.5 (R Core Development Team 2016) with the packages ape v3.5 (Paradis et al. 2004 ), car v2.1 (Fox et al. 2010) , and caper v0.5.2 (Orme 2013) .
The normality of dependent and explanatory variables was examined, and all variables skewed in normal quantile plots were log-transformed. Multi-collinearity among explanatory variables was assessed before fitting the PGLS models by calculating the generalized variance inflation factors (gVIFs). The variables host body mass and pmac were highly correlated with other variables in the dataset as indicated by VIF values > 4 (O'brien 2007) and thus were not included in the PGLS models. Model selection was carried out using Akaike's information criteria (AICc) corrected for small sample sizes to identify the most parsimonious model (lowest AICc) and rank the remaining models (Burnham and Anderson 2003) . Delta AICc (ΔAICc) was calculated as the difference in AICc between each model and the best model in the set. Following Burnham and Anderson (2004) , we also computed the Akaike weights (ω AICc) to assess the weight of evidence in favor of each candidate model, which can range from 0 (no support) to 1 (full support). We used model averaging to summarize results (Grueber et al. 2011) derived from a global model containing all the predictors. We standardized input variables before model analysis. We then derived a set of submodels (including the null model) from the global model by using the dredge function implemented in the MuMIn package v1 (Bartoń 2013) . We selected those models with a difference of ΔAICc < 2 to delineate a top model set. Finally, the variance explained by each of the selected top models was calculated as the adjusted R 2 .
Results
Variation in FR between bird species was not explained by birds' phylogeny (λ = 0) in either the Cx. pipiens or the Cx. restuans models. Since there was no phylogenetic signal in PGLS models, we re-ran the above-described analyses with generalized linear models (GLM) to perform model averaging and summarize results, a procedure that is not compatible with PGLS (hereafter only the results of the GLMs are shown).
For Cx. pipiens, three models were selected (Table 1 ) whose adjusted R 2 values were 23.51, 24.01, and 15.77%. The averaged estimates indicated that FR was positively associated with solitary roosting behavior, tarsus length, and psac, but negatively related to bill length ( Table 2 ). The relative importance of these predictors was 1 for solitary roosting behavior, 0.81 for tarsus length, 0.81 for psac, and 0.29 for bill length. None of the 95% confidence intervals (CI) for the parameter estimates included zero, except for bill length ( Table 2 ), indicating that the three other variables significantly influenced the FR of Cx. pipiens (see Fig. 1 ).
For Cx. restuans, five top models were selected (Table 3 ) and the variance explained by each model was 17.1, 10.16, 12.87, 18.26, and 14.5%. The averaged estimates indicated that FR was positively associated with solitary roosting behavior, psac, phac, and tarsus length (Table 4) , and the relative importance of each variable was 1.00, 0.80, 0.46, and 0.32, respectively; however, the 95% CI included zero for psac, phac, and tarsus length (Table 4) , thereby indicating that only solitary roosting behavior significantly influenced the FR of Cx. restuans (see Fig. 1 ).
Discussion
We identified correlates of avian phenotypic traits and the blood-feeding patterns of two Culex species. Although both Cx. pipiens and Cx. restuans are considered generalist and opportunistic feeders, they feed more often than expected on some avian species, while others were avoided, regardless of their relative abundance (e.g., Hamer et al. 2009; Kilpatrick et al. 2006a; Rizzoli et al. 2015) . Aside from the specific competence of each avian species as a pathogen reservoir, the non-random feeding preferences of mosquitoes may influence the transmission dynamics of vector-borne diseases. This is of great importance given that Cx. pipiens is a widely distributed species that acts as the main vector of a number of pathogens affecting humans and wildlife (e.g., WNV, St. Louis encephalitis virus, filarial worms, and avian malaria) (Farajollahi et al. 2011; Ferraguti et al. 2013) . The evidence provided here may help clarify the proximate causes of mosquito feeding patterns.
We found that solitary roosting birds were bitten more often than communally roosting species by both Cx. pipiens and Cx. restuans. Group size may influence the abundance of blood-sucking insects attracted to hosts (Martínez-de la Puente et al. 2010) . Although large groups may increase host detection by mosquitoes, they also reduce the individual risk (Krebs et al. 2014 ). We found that Cx. pipiens fed more often on birds with longer tarsi, which may suggest that larger areas of exposed skin are important for determining patterns of host use. This result agrees with the findings of Walker and Edman (1985) , who found that mosquito bites on rodents were restricted to areas of bare skin. Most of birds' body surfaces are covered by dense plumage, which is an efficient barrier to mosquito bites. Indeed, unfeathered parts such as tarsi and eye-rings are often targeted by blood-sucking mosquitoes (Blackmore and Dow 1958; authors pers. obs.). Additionally, avian tarsus length is usually positively related to body mass (Green 2001) , as found in this study (Pearson correlation = 0.82, t = 9.88, df = 47, p < 0.01), and has often been used as a proxy for body size (Senar and Pascual 1997) . Therefore, the positive relationship found between tarsus length and body mass suggests a positive association between body mass and mosquito FR. Similar trends have been reported in previous studies with different insect groups including blackflies (Malmqvist et al. 2004) , biting midges (Martínez-de la Puente et al. 2009 ), and mosquitoes (Estep et al. 2012) , and are also reflected by higher antibody prevalence reflecting higher previous exposure against mosquito-borne pathogens in larger birds, even after controlling for individuals age (i.e., WNV, Figuerola et al. 2008 ). In the case of Cx. restuans, we also found a positive relationship between FR and tarsus length, although it was not statistically significant. Birds with larger body size may release more cues such as CO 2 and heat, which are all known to be used by host-seeking mosquitoes (Takken and Verhulst 2013) . However, visual cues (e.g., a larger silhouette) may be as important as other cues (e.g., CO 2 and heat) for hostseeking mosquitoes, at least at intermediate distances (Cardé 2015) .
Contrary to our prediction, we found that birds with a greater percentage of slightly attractive colors, that is, light brown, light green, yellow, and white, were preferred by Cx. pipiens. As far as we know, this is the first report of a positive relationship between light-colored plumage in birds and bloodfeeding by mosquitoes. Previous studies of blood-sucking mosquitoes found that darker colors were more attractive than lighter ones (Brett 1938; Brown 1954; Gilbert and Gouck 1957; Allan et al. 1987 ). However, Long et al. (2011) found that pure white and light gray cards attracted more insects, including small dipterans, than other tested colored cards. These contrasting results could be due to methodological differences since these studies were conducted using cloths, traps, or other colored targets (Brett 1938; Brown 1954; Gilbert and Gouck 1957; Allan et al. 1987) and not differently colored live birds moving freely in their natural environments. The initial visual detection of a host by mosquitoes relies on differences in relative brightness and color contrast (Lehane 2005) . Browne and Bennett (1981) found that reflected white light attracted 12% more mosquitoes at night than in daytime, while reflected black light attracted 23% fewer mosquitoes at night than in daytime. Under conditions of poor visibility, light colors seem to attract more mosquitoes than in daytime due to the greater brightness and sharper color contrast against dark backgrounds, whereas the attractiveness of dark colors decreases under these conditions (Browne and Bennett 1981) . Cx. pipiens and Cx. restuans are crepuscular and/or nocturnal, and their host-seeking activity usually peaks at sunrise, sunset, or at night (Becker et al. 2010 ). However, they may still use visual cues for host-seeking under dark conditions when odor cues indicate a host is nearby (Hawkes and Gibson 2016) . The mosquito Aedes aegypti, for example, has dichromatic vision, which provides it with good contrast sensitivity (Allan 1994) that allows it to detect hosts and then use other cues to finalize the search process. Vectors link hosts and pathogens and thus have a great impact on the transmission dynamics of infectious diseases by determining the host-pathogen contact rate (Simpson et al. 2012) . Growing evidence suggests that the feeding behavior of mosquitoes, although opportunistic, is not completely random, but rather a complex phenomenon that greatly depends on host abundance and behavior as well as environmental conditions (e.g., Suom et al. 2010; Thiemann et al. 2011 ). It will also depend on mosquitoes' preference for certain avian species, which leads to the observed heterogeneity in bloodmeals affecting the dynamics of pathogen transmission (Kilpatrick et al. 2006a) . Our study highlights how host morphological and behavioral traits contribute to interspecific differences in patterns of host use by mosquitoes, and suggest that larger species roosting alone and/or of lighter colors are good candidate species for vector-borne pathogen surveillance.
Assumption/limitations
Blood acquisition patterns by mosquitoes is a complex phenomenon, which depends on mosquito flight patterns, environmental configuration, host availability in time and space, and blood-feeding success. FR is a widely used index, which takes into account the relative abundance of different hosts, but has some inherent limitations and potential biases. For example, FR will be measured with higher errors for less abundant species where a single bloodmeal may result in a high FR given the low relative abundance of the avian species. Although the density of raptors in avian communities is usually very low, their larger body mass relative to other birds may account for their over-representation in bloodmeal samples (see also Estep et al. 2012) , which may give rise to an extremely high FR value according to the calculation method of FR. Other large birds such as mallards (Anas platyrhynchos) were bitten less, probably as a consequence of their resting position (legs and bills hidden) that limits the amount of exposed skin available to mosquitoes (Llopis et al. 2016) . To account for the potential effect of extreme FR values in the dataset used in this study, we repeated our analyses but excluded two raptor species (American kestrel Falco sparverius and Cooper's hawk Accipiter cooperii) and, although results showed similar trends, only roosting behavior significantly affected the FR of Cx. pipiens (see Table S2 ). Aside from the potential impact of the resulting smaller sample size, which could explain why only roosting behavior remained significant after removing these two bird species, this may indicate that larger species were, to some extent, responsible for the detected patterns.
The interruption of mosquitoes' blood-feeding may have important consequences for the transmission of vector-borne pathogens since multiple host-feedings could increase the probability of acquiring and transmitting parasites (Davies 1990; Conway and McBride 1991; Scott et al. 1993) . The methods used to trap mosquitoes can also introduce some biases, as CO 2 -baited traps may collect more partially engorged mosquitoes corresponding to host species showing intense anti-mosquito behavior, while gravid traps may collect more fully engorged mosquitoes looking for breeding sites (Thiemann and Reisen 2012) . To address this issue, we also ran models using FR derived from gravid traps instead of FR derived from total traps as both were used by Hamer et al. (2009) , and found qualitatively identical results (see Table S3 ). Additionally, phenology may have important effects on the capacity to detect significant associations with nest type or roosting behavior, as birds only occupied nest during the first months of mosquito sampling and only roosted communally on the last months of the mosquito sampling.
Given that the explanatory power of our models was relatively low, other avian traits such as the odor profiles or antimosquito behavior should also be considered in future studies attempting to assess interspecific differences in host selection by mosquitoes. Bidlingmayer W (1971) 
